GaInAs/GaAs/GaInP strained quantum well lasers (ϳ0.98 m) grown by molecular beam epitaxy using solid phosphorus and arsenic valved cracking cells J. N. Baillargeon Aluminum-free GaInAs/GaInP strained quantum well ͑QW͒ laser diodes grown on GaAs were prepared by molecular beam epitaxy ͑MBE͒ employing solid phosphorus and arsenic valved cracking cells for the first time. The separate confinement heterojunction laser structure utilized Ga 0.51 In 0.49 P cladding layers, a GaAs waveguide region, and a single 100 Å Ga 0.18 In 0.82 As QW. Stimulated emission from this structure was observed at ϳ0.98 m ͑1.265 eV͒. The threshold current density of broad area devices with 100ϫ500 m 2 dimensions were measured as low as 290 A/cm 2 and had power slope efficiencies between 0.35 and 0.40 W/A. The estimated transparency current density for the structure is 50 A/cm 2 . The data show all solid source MBE is a growth technology capable of producing laser diode structures of comparable quality to that of the other growth processes requiring hydrides. © 1995 American Institute of Physics.
Future terrestrial and submarine lightwave communications systems will employ the Er-doped fiber amplifier. Successful implementation of such a system requires a highly reliable 0.98 m pump source. Unresolved reliability issues with Ga x Al 1Ϫx As-based coherent sources having Ga x In 1Ϫx As quantum wells ͑QWs͒ are a major concern. One mechanism responsible for the failure of laser diodes is dark line defect propagation through the QW region. 1 Enhanced dark line defect propagation in such a device structure may not be a direct attribute of local strain at the Ga x In 1Ϫx As QW interfaces, but on the contrary, resistance to its movement appears to improve with indium content. 2 The direct substitution of Ga 0.51 In 0.49 P for Ga x Al 1Ϫx As as cladding layer material may be of further advantage in helping quench such catastrophic failure. An effort in this direction has already been undertaken by metalorganic chemical vapor deposition 3 and gas source molecular beam epitaxy ͑MBE͒. 4 Although hydride and metalorganic are effective sources for epitaxy, less toxic and more environmentally safer sources are preferred.
Successful growth of phosphorus compounds by MBE using a red phosphorus source was first performed with an effusion cell. 5 The work was subsequently abandoned when it was recognized that flux stability problems, inherent with the use of red phosphorus, were unsolvable with such a cell. Later, as an extension to successful MBE growth of arsenic compounds with a valved source, 6 phosphorus compounds were again pursued using solid red phosphorus. 7 Although good optical quality Ga x In 1Ϫx P lattice matched to GaAs was demonstrated using the two temperature zone valved source, similar beam flux instabilities observed previously remained. 8 The elimination of the uncontrollable portions of the beam flux transient behavior was achieved through the use of a valved cell containing a cold wall. 9 This concept later evolved into a cell having three independent sections: oven, reservoir, and cracking zone. The proper procedure for utilizing such a cell and process for creating a white phosphorus source through the in situ conversion of red phosphorus was then developed. 10 In this letter we report the performance of broad area GaInAs/GaAs/GaInP laser diodes prepared by MBE with valved cells and solid sources.
GaInAs/GaAs/GaInP separate confinement heterojunction single quantum well ͑SCH-SQW͒ laser diodes were grown on Si-doped, on-axis ͑001͒ GaAs. The column III sources, indium and gallium, were 6N purity from Nippon Mining Company and 8N purity from Rhone-Poulenc, respectively. The arsenic source used was 7N purity from Furukawa Company and the red phosphorus source was 7N from Rasa Industries. The arsenic oven temperature was fixed at 390°C during growth while the phosphorus oven was held at room temperature. The P 4 vapor used for growth was provided by a white phosphorus source that was generated in situ from red phosphorus prior to the start of growth. The white phosphorus was produced by heating the red phosphorus oven to 360°C for 5 h while maintaining a cell reservoir temperature of 25°C with the output valve closed. The partial transformation of the red source into white in this manner provides enough vapor to enable 12 m of growth at a stable beam equivalent pressure ͑BEP͒ of 3ϫ10 Ϫ6 Torr. Since the resultant P 4 vapor pressure over white phosphorus at 25°C is ϳ20 mTorr, the cell reservoir need not be heated during epitaxy in order to provide a sufficient growth flux. The temperatures within the cracking zones of the arsenic and phosphorus cells were maintained at 920°C during growth to permit dimerization of the fluxes. A more detailed analysis of the phosphorus valved cell and growth system can be found elsewhere. 10, 11 The SCH-SQW laser structure shown in Fig. 1 consists  of a 1-m-thick, 2ϫ10 18 cm Ϫ3 Si-doped GaAs buffer layer which was grown at 570°C. This was followed by a 1-mthick, Si-doped 1 3 Be-doped GaAs contact layer was grown at 570°C on top of the p-type cladding layer. The growth temperature of the Ga 0.51 In 0.49 P cladding layers was 500°C, while that of the GaAs waveguide and Ga 0.18 In 0.82 As QW was 550°C. The QW thickness was 100 Å and the waveguide was 0.25 m. The growth rates of GaAs and Ga 0.51 In 0.49 P cladding layers were 0.84 and 1.64 m/h, respectively. Pause times of 30 s were used at the arsenic/phosphorus interfaces to allow for changing the growth temperature between waveguide and cladding layers. For cladding layer growth a P BEP of 3.5ϫ10
Ϫ6 Torr was used. The As BEP used for buffer and p-type contact layers was 2.0ϫ10 Ϫ6 Torr. For the waveguide and QW region the As flux was 1.5ϫ10 Ϫ6 and 7.5ϫ10 Ϫ6 Torr, respectively. The As flux was adjusted to its designated value 2 s before initiating QW growth and then again coincident with the completion of QW growth. Growth rates were calibrated by ex situ thickness measurements; alloy composition was verified using x-ray diffractometry. Figure 1 also illustrates the chamber background pressure recorded during growth. Because background pressure is generally proportional to the incident beam flux, it is a useful indicator of the stability and switching characteristics of the cell. The transients here are due almost entirely to a reflective accumulation of arsenic in the vicinity of the gauge. Previous simultaneous recordings of BEP and background pressure taken during switching processes determined this conclusion.
All devices tested had uncoated facets and the data reported are for those with 100 m cavity widths. The threshold data are not adjusted for current spreading. Figure 2 shows the typical emission spectra for the SCH-SQW laser for injection currents above and below threshold condition. The structure observable in the weaker, broader spontaneous emission spectra, curve ͑a͒, is due to phonon processes. Above threshold, curve ͑b͒, stimulated emission at 0.98 m is observed. This emission is somewhat dependent upon the cavity length, shifting to higher energy ͑shorter wavelengths͒ with decreasing cavity length. This is a known consequence of a shift in the modal gain spectrum within the active region.
The 100ϫ700 m 2 device shown in Fig. 2 has a threshold current density of 215 A/cm 2 . The light-current (L -I) characteristic for this device is shown in Fig. 3 . The best threshold current density obtained was 185 A/cm 2 for a 1000-m-long cavity with more typical values between 190 and 200 A/cm 2 . For devices with 500 m cavity lengths the threshold current density increased expectedly, measuring between 290 and 300 A/cm 2 . Differential quantum efficiencies calculated from the L -I curves were between 0.58 and 0.64 with the corresponding power slope efficiencies ranging from 0.36 to 0.40 W/A per uncoated facet. These efficiencies are typical of this particular SCH-SQW device structure utilizing this material system and are equivalent to those prepared by other growth techniques. Although the threshold current densities are somewhat higher than the best ever reported values, these initial results are comparable to normally observed values. Subsequently processed 100ϫ1000 m 2 lasers with coated facets have operated cw at room temperature to 400 mW output powers. Since the device structure is not yet fully optimized, improvement is possible. High-temperature annealing experiments performed on similar device structures 12, 13 suggest that it may be possible to reduce the threshold current density and further improve the power efficiency of these devices. This aspect is currently under investigation.
A plot of threshold current density versus inverse cavity length taken in sets of four diodes are displayed in Fig. 4 . The ϳ10% distribution of the current density values ͑shown by error bars͒ is a combination of standard measurement error and device processing differences. An estimate of transparency current density made from Fig. 4 places its value at approximately 50 A/cm 2 . In summary, growth of strained GaInAs/GaAs/GaInP SCH-SQW lasers emitting at 0.98 m with good electrical and optical characteristics were prepared by MBE using solid phosphorus and arsenic valved cracking cells for the first time. Broad area devices tested with uncoated facets exhibited a threshold current density as low as 185 A/cm 2 and had a maximum power slope efficiency as high as 0.40 W/A per facet. These results demonstrate that MBE performed with solid phosphorus and arsenic sources is suitable for growth of photonic device structures. FIG. 4 . Plot of threshold current density vs inverse cavity length. Diodes have 100 m stripe widths and uncoated facets. The transparency current density for the structure is estimated to be 50 A/cm 2 .
